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We investigate the magneto-optical properties of excitons bound to single stacking faults in high-
purity GaAs. We find that the two-dimensional stacking fault potential binds an exciton composed
of an electron and a heavy-hole, and confirm a vanishing in-plane hole g-factor, consistent with
the atomic-scale symmetry of the system. The unprecedented homogeneity of the stacking-fault
potential leads to ultra-narrow photoluminescence emission lines (with full-width at half maximum
. 80 µeV) and reveals a large magnetic non-reciprocity effect that originates from the magneto-
Stark effect for mobile excitons. These measurements unambiguously determine the direction and
magnitude of the giant electric dipole moment (& e · 10 nm) of the stacking-fault exciton, making
stacking faults a promising new platform to study interacting excitonic gases.
Introduction. The stacking fault (SF), a planar, atomi-
cally thin defect, is one of the most common extended de-
fects in zinc-blende, wurtzite, and diamond semiconductors.
A fundamental understanding of the SF potential is im-
portant for determining how the defect affects semiconduc-
tor device performance [1, 2], engineering heterostructures
based on crystal phase [3–5], and providing a new two-
dimensional (2D) platform for fundamental physics [6, 7].
Here we report on excitons bound to large-area, single SFs in
high-purity GaAs, a unique system where SFs are easily iso-
lated with far-field optical techniques. The atomic smooth-
ness of the potential and extreme perfection of the surround-
ing semiconductor result in ultra-high optical homogeneity
(. 80 µeV). This enables optical resolution of the SF ex-
citon fine-structure and thus direct measurement of the gi-
ant built-in dipole moment (& e · 10 nm) via the magneto-
Stark effect. These results indicate that the extremely-
homogeneous SF potential may be promising for studies of
many-body excitonic physics, including coherent phenom-
ena [8–10], spin currents [11], superfluidity [12], long-range
order [13–17], and large optical nonlinearities [18–20].
Stacking fault photoluminescence. Figure 1(a) shows a
spectrally resolved confocal scan of SF structures in a GaAs
epilayer, excited with an above band-gap laser (1.65 eV,
1.5 K) [21]. The image is colored red, green or blue accord-
ing to three characteristic emission bands shown in Fig. 1e.
The narrow-band PL at 1.493 and 1.496 eV originates from
excitons, electron-hole pairs, bound to the 2D SF poten-
tial [22, 23]. The sample consists of a 10 µm GaAs layer
on 100 nm AlAs on a 5 nm/5 nm AlAs/GaAs (10×) super-
lattice grown directly on a semi-insulating (100) GaAs sub-
strate. Stacking fault structures nucleate near the substrate-
epilayer interface during epitaxial growth [21].
The physical origin of the potential can be understood
from the atomic structure of the SF defect: the lattice-plane
ordering in the [111] direction of zinc-blende is modified
∗ These authors contributed equally to this work.
by subtracting a layer (intrinsic SF, see Fig. 1c) or adding
a layer (extrinsic SF). The intrinsic SF can be viewed as
a monolayer of wurtzite (AB AB stacking) surrounded by
zinc-blende (ABC ABC stacking) [3, 24]. Due to the band
offset [25–27] and spontaneous polarization at the stacking
fault [28], electrons and/or holes are attracted to the SF
plane. While useful for physical motivation, this bulk phase
change model must be taken with caution when applied to
atomically thin SFs, which can deviate from simple the-
ory [29]. Here, however, we find that single SFs in bulk
GaAs bind excitons, confirming that the potential is attrac-
tive for at least one carrier.
In the confocal scan in Fig. 1(a), most of the SF defects
appear as single triangles, which we identify as a pair of
nearby SFs [30, 31]. Because the binding energy of exci-
tons to a pair of SFs depends on the distance between the
SFs [32], the PL emission energy from excitons bound to
these structures has a high variability of 10 meV between
structures. Strikingly, this inhomogeneity disappears when
four SFs grow in an inverted pyramid structure consisting
of four well-isolated {111} SF planes [Fig. 1(b)], which we
refer to as up, down, left and right [33]. The full width at
half-maximum (FWHM) of the SF PL line in our sample is
(77±19) µeV at zero magnetic field [21], somewhat narrower
than excitonic lines associated with stacking faults in pre-
vious work [22, 34]. In comparison, the narrowest reported
linewidth for a GaAs/AlGaAs quantum well is 130 µeV [35],
while PL linewidths from analogous zinc-blende/wurtzite
quantum discs in nanowires range from 0.6−10 meV [27, 36–
38]. This unprecedented homogeneity allows us to resolve
the SF-bound exciton fine structure
Nature of hole in SF exciton. Experimentally, we deter-
mine that the SF exciton is composed of an electron and a
heavy-hole using polarization resolved PL, consistent with
the atomic-scale symmetry of the system [21]. For linearly
polarized light incident from above (along the [001] axis),
the largest overlap between the light polarization and the
in-SF-plane heavy-hole dipole occurs when exciting and col-
lecting along the H direction for the down SF [Fig. 1(d)], in
agreement with our experimental data [Fig. 1(f)]. On the
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FIG. 1. (a) Confocal scan of SF structures. The image is formed by coloring emission in different wavelength bands as red, blue or
green, as depicted in e. Excitation at 1.53 eV, 100 µW, 1.9 K, excite and collect H polarization (see b). (b) Diagram of SF pyramid.
The up, down, left and right SFs are labeled, along with the H and V polarizations. (c) Comparison of perfect zinc-blende and
stacking fault crystal structure. (d) Detail of SF pyramid structure. Excitation at 1.53 eV, 100 µW, 1.7 K. (e) Low power PL spectra
at colored dots in d. Polarizations: blue - excite/collect H; green, red - excite/collect V. Broad-band luminescence is observed from
the SF edges (red). 1.53 eV, 2 µW, 1.7 K. (f) PL from down SF (blue dot in d). Polarizations: dark blue - excite/collect H; light
blue - excite/collect V.
other hand, the main dipole moment for the light-hole exci-
ton is along the SF normal, which would give rise to a maxi-
mum signal at V polarization, contrary to what is observed.
Further, we also note that no hole Zeeman splitting is ob-
served for in-plane magnetic fields B up to 7 T (Fig. 2). This
observation is fully consistent with our symmetry analysis,
which finds that B-linear splitting for in-plane fields is for-
bidden for heavy-holes but allowed for light-holes [21]. The
substantial separation of the heavy- and light-hole states
prevents their magnetic-field induced mixing, in line with
experiments on GaAs nanowires [21, 39].
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FIG. 2. (a) Spectra from up and down SFs as a function of in-
plane magnetic field. The spectra show a non-reciprocity with
applied magnetic field. Excite at 1.65 eV, 0.5 µW, 1.6 K, excite
and collect H. Inset shows the geometry of the stacking fault
pyramid and applied magnetic field. (b) Spectra from left and
right SFs as a function of partially out-of-plane magnetic field.
The spectra are similar at positive and negative fields. Excitation
at 1.65 eV, 0.5 µW, 1.6 K, excite and collect V.
Non-reciprocal photoluminescence. PL from SFs shows a
remarkable non-reciprocity with in-plane applied magnetic
field: Figure 2(a) shows that the PL detected in linear po-
larization from the up SF occurs at a different energy de-
pending on whether the magnetic field is parallel (positive)
or antiparallel (negative) to the [1¯10] axis. Interestingly,
the down SF demonstrates the opposite behavior. Such
an asymmetric behavior of the PL is surprising because in
general, time reversal symmetry makes B and −B equiva-
lent [40]. The observed non-reciprocal behavior of the PL
spectrum with respect to inversion B→ −B is only possible
if the PL arises from moving excitons. In this case, time re-
versal changes the direction of both the magnetic field and
the exciton wavevector K.
Based on the C3v point symmetry of the SF and time
reversal invariance, the effective Hamiltonian for an exciton
moving in the presence of an in-SF-plane magnetic field B
is
HKB = ge
2
µB(σxBx + σyBy) + βB
2 + β′[K×B]z, (1)
where ge is the electron g-factor, µB is the Bohr magneton,
σx,y are the electron spin Pauli matrices, β is a parame-
ter describing the excitonic diamagnetic shift, and β′ is a
constant responsible for the non-reciprocal effect [21]. In
Eq. (1) we only retain 1st- and 2nd-order terms in B and
use a frame of axes related to the SF plane: z ‖ [111] is the
SF normal, x||[112¯] and y||[1¯10]. Each symmetry-derived
term in Eq. (1) manifests itself in the energetic shift of the
SF PL lines with magnetic field (Fig. 2). The first term
is the electron Zeeman effect and gives rise to the doublets
visible at ±7 T, since an electron with a particular spin
projection can recombine with the corresponding hole. The
second term is the exciton diamagnetic shift, arising from
the magnetic-field-induced shrinking of the exciton wave-
function [41]. The last term is the magneto-Stark effect,
which, as we show below, quantitatively explains the non-
reciprocal PL spectra.
The experimental geometry, Fig. 1(b), is such that only
light emitted normal to the sample surface is collected. For
3a high quality 2D potential, in-plane exciton momentum is
transferred to the photon during recombination, as depicted
in Fig. 3(a). This conservation of momentum implies
Kx =
ωn
c
sin θ′′, (2)
where θ′′ is the angle between the SF normal and the emit-
ted photon momentum inside the semiconductor, Fig. 3(a),
ω is the photon frequency, n is the refractive index and c the
speed of light. Thus, the collected SF PL arises only from
excitons with a specific center of mass momentum [42]. The
last term in Eq. (1) provides, for a fixed Kx (Eq. 2), an odd
in By contribution to the overall PL energy shift, giving
rise to a magnetic non-reciprocity effect. It is worth noting
that the up and down SFs are related by a mirror reflec-
tion in the (110) plane and such a reflection is accompanied
by By → −By, resulting in the opposite behavior of up and
down PL spectra observed in Fig. 2(a).
Magneto-Stark effect. The physical origin of the non-
reciprocal PL is the magneto-Stark effect, the interaction
of a moving exciton’s electric dipole moment with a mag-
netic field [43, 44]. The effect can be understood with a
relativistic argument: motion with velocity v = (~Kx/M)xˆ
through a magnetic field B = Byyˆ gives rise to an electric
field Eeff = ~KxBy/(Mc)zˆ in the moving frame of refer-
ence, where M is the exciton mass in translational motion
and c the speed of light. Since for the SF, zˆ ∝ [111] and
−zˆ directions are not equivalent, the SF-bound exciton has
a non-zero dipole moment p = edhezˆ, where e = |e| is the
elementary charge, and dhe is the average separation be-
tween the hole and electron along the z-axis. The Stark
effect Hs = −p ·Eeff in the exciton’s reference frame thus
becomes the magneto-Stark effect:
HS = − e~
Mc
dheKxBy, (3)
in agreement with Eq. (1) with β′ = −e~dhe/(Mc), see
Ref. [21, 41] for formal derivation.
Physically, the dipole moment of a SF bound exciton is a
consequence of symmetry breaking and spontaneous polar-
ization similar to that in zinc-blende/wurtzite heterostruc-
tures [23, 45]. The hole in the exciton is presumably lo-
calized in the SF plane while the electron is weakly bound
via the Coulomb interaction. The spontaneous polarization
shifts the electron cloud to one side of the SF, resulting in
a giant excitonic dipole moment.
Equations (1)-(3) predict that the asymmetric energy
shift of exciton PL is linearly related to the in-plane
wavevector K. Since the angle of light collection deter-
mines the exciton momentum [Eq. (2)], we test the ap-
plicability of the model by recording spectra of the up
and down SFs as a function of the collection angle θ
and magnetic field By [Fig. 3(b)]. The collection angle
is related to the emission angle from the up/down SF by
sin θ = n sin θ′ = ±n sin(θ′′ − θSF), where θSF is the angle
the SF normal zˆ||[111] makes with [001] [Fig. 3(c)].
In this experiment, we modified the collection angle by
mounting the sample at different angles. Since the sample
was removed from the cryostat to change the angle, different
SF pyramids were used at different angles. This does not
introduce artifacts because of the extreme similarity of dif-
ferent SFs, which have a standard deviation of line-center
energies of only 57 µeV, less than the linewidth. Spectra
were acquired with By ranging from −6.5 T to 6.5 T on the
up and down SFs. We fit the spectra to one or a sum of two
Voigt function(s) depending on whether the electron Zee-
man splitting is resolved. The singlet or doublet line center
is denoted Eup/down(By). The part of the exciton energy
odd with magnetic field is found by computing
∆Eup/down(By) = Eup/down(By)− Eup/down(−By) (4)
It follows from Eq. (3) that the asymmetric shift is
∆Eup/down(By) = ∓2n~ωedhe
Mc
sin(θSF ± θ′)By. (5)
Thus the proportionality constant of ∆Eup/down vs. By
provides a measurement of the SF exciton’s built-in dipole
moment. The experimental values and first-order theory for
∆E are shown in Fig. 3(f)-(g). Further, the ratio
r(θ) =
|∆Eup| − |∆Edown|
1
2 (|∆Eup|+ |∆Edown|)
(6)
depends (to first order in By) only on the experimental ge-
ometry and the index of refraction: r(θ) vanishes for collec-
tion angle θ = 0 and increases as a function of θ [Fig. 3(h)].
We obtain good agreement between r(θ) calculated exper-
imentally from the B = 0 slope of ∆E without any fit pa-
rameters [Fig. 3(h)].
Further, by fitting ∆Eup/down(By) with a By-linear func-
tion, we can estimate the dipole moment of the exciton
p = edhe = e · (10+20−1 ) nm. The main uncertainties result
from the accuracy of the By-linear fit and the value of the in-
(111)-plane heavy-hole mass, which depends on the details
of the SF potential [21]. The exciton mass can be roughly es-
timated as 0.17mo, the sum of the bulk-GaAs in-(111)-plane
heavy-hole mass and the isotropic electron mass, where mo
is the free electron mass. In addition, we note the magneto-
Stark induced splitting saturates at high fields [Fig. 3(f,g)],
possibly due to a decreased exciton dipole moment from
the magnetic-field-induced shrinking of the exciton wave-
function. Future work will investigate exciton confinement
potentials consistent with the observed dipole moment, dia-
magnetic shift and saturation of the magneto-Stark effect.
A microscopic understanding of the confinement potential
may enable predictions for the binding potential and exci-
tonic dipole moment for SFs in other semiconductors.
Conclusion. We have shown that SFs in GaAs are an al-
most perfect 2D potential which binds heavy-hole excitons.
These excitons freely propagate in the SF plane, a conclu-
sion confirmed via the magneto-Stark effect. Further, an
asymmetry of the SF potential induces a giant dipole mo-
ment of the SF-bound exciton. Such excitons could be useful
for studying the many-body physics of interacting dipoles.
In conventional excitonic systems, typical electron-hole sep-
arations are on the order of several nm [6, 46], whereas the
SF-bound exciton has a gigantic electron-hole separation
of 10 nm and the possibility to modify this value with an
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FIG. 3. (a) Because of conservation of in plane momentum during exciton recombination, the angle of light emission depends on
the exciton wavevector. Collecting different angles probes different exciton momenta. The SF has a built in potential that creates a
zero-field dipole moment for the SF exciton. In the exciton frame of reference, the in-plane magnetic field becomes an out-of-plane
electric field, leading to the magneto-Stark effect. (b) Spectra of up and down SFs as a function of θ and in-plane magnetic field By.
(c) Light from the up SF originates from excitons with larger Kx than light from the down SF (for θ > 0). (d-e) Spectra of up and
down SF at positive and negative By for θ = 0
◦ and 43◦. At θ = 0◦, ∆Eup and ∆Edown have the same magnitude, while for θ = 43◦,
the magnitude of ∆Eup is larger than ∆Edown. (f-g) Splitting ∆Eup/down as a function of magnetic field. Data are obtained from
Voigt fits to spectra similar to those shown in d-e. Solid lines are a fit to ∆E = aB for the first three data points. (h) The ratio of
B = 0 slopes, Eq. (6), depends only on geometrical constraints. The theory (solid line) has no adjustable parameters. Data for other
angles in [21].
applied field. In addition, the ultra-narrow linewidths in
the SF system will allow the small energy shifts present in
many-body interactions to be observed. As a rough esti-
mate, the interaction energy of two such dipoles will ex-
ceed the SF FWHM of 77 µeV when the exciton density
is greater than 230 µm−2. Using a wavefunction size of ap-
proximately 10 nm, the critical density for exciton overlap in
the 2D potential is 10 000 µm−2. Therefore, the SF-bound
exciton system could show sizable dipole-dipole interactions
and may demonstrate coherent phenomena at reasonable ex-
citon densities.
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5Supplemental Materials: Fundamental properties of 2D excitons bound to single stacking
faults in GaAs
S1. STACKING FAULT FORMATION
Stacking fault (SF) structures can grow from the
substrate-epilayer interface during epitaxial growth [33, 47].
In the present work, SFs form in a 10 µm GaAs layer grown
by molecular beam epitaxy with room temperature electron
density n ∼ 1.9× 1014 cm−3 and mobility ∼ 7400 cm2/Vs.
The entire structure consists of the 10 µm GaAs layer on 100
nm AlAs on a 5 nm/5 nm AlAs/GaAs (10×) superlattice
grown directly on a semi-insulating (100) GaAs vertical gra-
dient freeze substrate (Wafer Technology Ltd), started with
AlAs. The sample was grown at a pyrometer temperature of
600◦C with the relatively low As4 beam equivalent pressure
of 8× 10−6 Torr, measured by a flux tube. The growth rate
was 0.7 ML/s for the GaAs and 0.35 ML/s for the AlAs.
Oxide removal before growth was performed at 620◦C un-
der As flux. This growth procedure resulted in oval defects
in the sample surface, a feature commonly associated with
stacking faults [22, 33, 47, 48]. We observe two types of
stacking fault defects, a SF pyramid and a SF pair defect,
shown in Fig. S4. The size of the pyramid structure (14.1
µm top edge in Fig. 1a) is consistent with stacking faults
that nucleate near the substrate-epilayer interface and grow
along {111} planes through the 10 µm thick epilayer.
[11¯1]
SF Pyramid SF Pair Defect
[010]
[100]
[001]
H
V
k
FIG. S4. Diagram showing the types of defects visible in the
sample. The SF pyramid consists of four stacking faults arranged
in a pyramid shape. The SF pair defect is a set of two SFs with
a small ∼nm separation.
S2. PHOTOLUMINESCENCE SPECTROSCOPY
SYSTEM
The sample is excited with a continuous wave Sirah Ma-
tisse Ti:Sapphire laser. The laser is focused to a spot size
of ∼1 µm on the sample using an aspheric lens (numeri-
cal aperture 0.77) mounted inside a liquid helium immer-
sion cryostat (Janis). Coarse positioning of the sample was
performed with slip-stick positioners (Attocube). For con-
focal scanning, spatial selectivity is achieved with a pinhole
in the intermediate image plane and a scanning mirror to
raster the excitation and collection spot over the sample.
The photoluminescence (PL) is imaged on a spectrometer
(Andor).
S3. STACKING FAULT PHOTOLUMINESCENCE
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FIG. S5. High resolution PL spectrum of up SF. The FWHM of
the line is (77± 19) µeV from a weighted Lorentzian fit, taking
into account the instrument resolution. Before deconvolution the
FWHM is (94± 13) µeV. Excitation at 1.65 eV, 1.44 K, 1.4 nW.
Figure S5 shows a high resolution PL spectrum of the SF.
In order to extract the true PL linewidth, we need to take
into account the spectral resolution of our setup. The spec-
trometer instrument resolution is found by taking a spectro-
graph of a narrow band Ti:Sapphire laser and fitting to a
Voigt function, see Fig. S6(a). We find that neither a Gaus-
sian nor a Lorentzian accurately describe the spectral point
spread function, so we use a Voigt fit. For spectral lines that
are nearly as narrow as the spectrometer FWHM (full width
at half maximum), the measured FWHM will be wider than
the true FWHM. Figure S6(b) shows the FWHM of a line
obtained by the convolution of a Lorentzian or Gaussian
spectral lineshape with the spectrometer response function.
For example, a measured linewidth of 94 µeV corresponds
to a true linewidth of 72 or 82 µeV, depending on whether
the true lineshape is assumed to be Lorentzian or Gaussian.
Hence, to evaluate the intrinsic linewidth of the SF emission
we fit the spectrum in Fig. S5 with a weighted Lorentzian
and use the deconvolution procedure [Fig. S6(b)] to obtain
an intrinsic PL linewidth of only (77 ± 19) µeV. Here, the
uncertainty combines the original fit uncertainty and the
uncertainty of the deconvolution procedure.
S4. MAGNETO-STARK HAMILTONIAN
Microscopically, the magneto-Stark effect can be derived
from the Hamiltonian for an electron and hole in a magnetic
field B = Byyˆ:
H =
~2
2me
(
ke +
e
~c
A
)2
+
~2
2mh
(
kh − e~cA
)2
, (S7)
where ke (kh) is the wavevector of the electron (hole), me
(mh) is the effective mass of the electron (hole) and the
vector potential is A = Byz xˆ. The Coulomb interaction
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FIG. S6. (a) Spectrum of the narrow band Ti:Sapphire laser used to determine the spectrometer instrument resolution. The best
fit is a Voigt function with a 32.7 µeV FWHM. The Voigt lineshape is the convolution of a Lorentzian and a Gaussian with best fit
widths provided as an inset in the figure. (b) Convolution of the spectrometer instrument response in a with a Lorentzian or Gaussian
lineshape. By interpolating backwards, the deconvoluted FWHM of a spectral line can be found.
between the electron and the hole as well as the SF potential
are omitted in Eq. (S7) for brevity. We use the standard
definition of center of mass (COM) and relative coordinates
ke =
me
M
K+ k
kh =
mh
M
K− k
(S8)
where M = me + mh. With these substitutions, Eq. S7
becomes
H =
COM Kinetic︷ ︸︸ ︷
~2K2
2M
+
Rel. Kinetic︷ ︸︸ ︷
~2k2
2µ
COM Magneto-Stark︷ ︸︸ ︷
− e~
Mc
(zh − ze)KxBy
+
Orb. Zeeman︷ ︸︸ ︷
e~
c
(
zh
mh
+
ze
me
)
kxBy +
Diamagnetic︷ ︸︸ ︷
e2B2y
2c2
(
z2e
me
+
z2h
mh
) (S9)
where µ = (m−1e +m
−1
h )
−1 [41]. The first term is the COM
kinetic energy of the exciton. The second term is the ki-
netic energy associated with the electron-hole relative mo-
tion. The third term describes the magneto-Stark effect for
the exciton COM motion. The fourth term describes the
orbital Zeeman effect [41]. The fifth term is the harmonic
potential created by the magnetic field which produces the
diamagnetic shift and would produce Landau quantization
for higher magnetic fields. The COM magneto-Stark term
is the same as Eq. (3) in the main text, derived from rela-
tivistic arguments.
S5. HEAVY HOLE – LIGHT HOLE SPLITTING
The possible carrier spin states entering into the SF ex-
citon can be predicted on general symmetry considerations.
Due to spin orbit coupling, the valence band in bulk GaAs
splits into the heavy-hole/light-hole (j = 32 ) bands and split-
off (j = 12 ) band. At the Γ point, the heavy-hole (HH) and
[100]
[010]
[001]
y ‖ [1¯10]
z ‖ [111]
x ‖ [112¯]
FIG. S7. GaAs crystalline lattice. Stacking fault plane is a (111)
plane, shown as a triangle. The mirror reflection plane for a SF
sends y → −y. Note that x → −x is not a mirror reflection
plane.
light-hole (LH) bands are degenerate and transform accord-
ing to the four-dimensional Γ8 irreducible spinor representa-
tion of the Td point symmetry group [49], see Refs. [50, 51]
for notations.
A SF oriented in one of the {111} planes possesses the
lower C3v point symmetry, as illustrated in Fig. S7. The
C3v symmetry group contains six symmetry operations: E
(identity), C3 (rotation by 2pi/3 about zˆ), C
−1
3 (rotation by
−2pi/3 about zˆ), σv (reflection y → −y), σ′v (σ′v = σvC−13 ),
and σ′′v (σ
′′
v = σvC3). These operations are depicted in
Fig. S8. We note that the SF symmetry group is different
from the C6v symmetry of wurtzite [52].
When a SF is introduced into a zinc-blende crystal, the
degeneracy of the valence and conduction band edges could
7be lifted. The compatibility analysis shows that the conduc-
tion band edge transforms according to the two-dimensional
irreducible representation Γ4 of the C3v point group, i.e.
the conduction band does not split. On the other hand,
the degeneracy of the valence band is lifted: the Γ8 irre-
ducible representation of Td decomposes into Γ4 ⊕ Γ5 ⊕ Γ6
of C3v. The two degenerate states Γ4 transform as the
spinors |3/2, 1/2〉, |3/2,−1/2〉 (or |1/2, 1/2〉, |1/2,−1/2〉),
where |j,mj〉 signifies the basic function for angular mo-
mentum j and angular momentum z-component jm. The
Γ5 and Γ6 hole states transform as linear combinations the
spinors |3/2, 3/2〉 and |3/2,−3/2〉, see Table I. At B = 0
and K = 0, the two states Γ5 and Γ6 are guaranteed to be
degenerate by time reversal symmetry [53–55]. It follows
that the levels of excitons bound to a SF are split into sub-
levels of symmetry Γc4 × Γv4 and Γc4 × (Γv5 ⊕ Γv6) where the
superscripts c, v refer to the conduction and valence bands.
For convenience, the former and latter excitonic states are
called the light- and heavy-hole excitons, or the LH and
HH excitons, irrespective of the relation between the exci-
ton binding energy and the splitting ∆HL between the HH
and LH sublevels.
The experimental data imply that the in-plane hole g-
factor in the ground exciton state is negligible. This is ex-
actly true for the HH exciton Γc4×(Γv5⊕Γv6) at zero magnetic
fieldBy and zero wavevectorK‖. This implies that the split-
ting ∆HL is high enough to prevent the mixing between the
LH and HH sublevels induced by the finite value of Kx re-
alized in the experiment and by the applied magnetic field,
|B| ≤ 7 T.
In order to confirm that the SF splits HH and LH
states, we we can estimate whether the HH-LH splitting is
much greater than interactions which mix HH and LH. The
magnetic-field-induced HH-LH mixing can be estimated by
using the hole Zeeman Hamiltonian
HZ = −2µBκ (J ·B), (S10)
where µB is the Bohr magneton, κ is the magnetic Luttinger
parameter on the order of unity, J = (Jx, Jy, Jz) are the ma-
trices of the angular momentum 3/2 operator, and we ne-
glect a weak cubic anisotropy [56]. According to Eq. (S10),
the magnitude of the Zeeman HH-LH coupling matrix el-
ement at the maximum field of 7 T is < 1 meV. As for
the HH-LH mixing caused by the nonzero value of Kx, we
note that the maximum exciton wavevector measured in our
system is 5 µm−1. In this case the terms of the Luttinger-
Kohn Hamiltonian that couple the HH and LH excitons have
magnitudes less than 2 µeV [49]. Thus, we conclude that
no significant mixing occurs if the splitting ∆HL is greater
than a few meV. The lack of significant HH-LH mixing in
our experiments is in agreement with the HH-LH splitting
of 16 meV estimated for interface excitons in polytypic zinc-
blende/wurtzite GaAs nanowires [39].
In order to determine the dipole moment of the SF ex-
citon using Eq. 5, it is necessary to estimate the in-plane
exciton effective mass, the sum of the electron and hole in-
plane effective masses. While the electron mass is isotropic
in GaAs, the effective in-plane hole mass depends on the
detailed nature of the stacking fault potential. We note
here that HH-LH mixing can affect the in-plane HH effec-
tive mass [58]. Using second-order perturbation theory, we
obtain:
mo
mhh,||
= γ1 + γ3 + (4γ
2
2 + 2γ
2
3)
~2
mo
∑
n
| 〈LH,n| kˆz |HH〉 |2
EHH − ELH,n ,
(S11)
where the summation goes over all the light-hole states n
(both bound and continuum), |HH〉 denotes the ground
subband HH envelope function along the z axis and |LH,n〉
denote the LH envelopes and kˆz = −∂/∂z and γ1, γ2, γ3 are
the Luttinger parameters [49]. The sum in Eq. S11 is sen-
sitive to the details of the HH and LH envelope functions
as well as to the energy positions of the size-quantized lev-
els [58, 59].
The estimate of the exciton dipole moment involves the
exciton’s effective mass, M = m∗h +m
∗
e, see Eq. (5), where
m∗h and m
∗
e are the in-plane effective masses of the hole
and electron. The electron effective mass is isotropic and
therefore its in-plane value is m∗e = 0.067mo. Due to the
anisotropy of the hole effective mass and the unknown ex-
tent of HH-LH coupling, determining the correct value of
m∗h requires a complex calculation, which we do not perform
here. However, we can estimate the HH effective mass using
some simple arguments. If HH-LH coupling is neglected, the
in-plane heavy hole mass is that of a heavy-hole in the (111)
plane, m∗h = 0.10mo [59]. Another estimate of the in-plane
heavy hole mass can be made from the spatially averaged
heavy-hole mass of 0.45me. We will use the lower value to
estimate the dipole moment, and the higher value to esti-
mate the error in our measurement of the dipole moment.
This conservative procedure yields the minimum possible
value of the dipole moment.
S6. HAMILTONIAN BY SYMMETRY
The form of the Hamiltonian describing the SF-bound
exciton state can be derived based on the symmetry of the
SF system. Specifically, we would like to find terms of the
Hamiltonian that are odd with magnetic field and can thus
explain the magnetic non-reciprocity data.
It is first necessary to find how the symmetry operations
affect a vector, such as a position vector r = (x, y, z), and a
pseudo-vector, such as magnetic field B = (Bx, By, Bz). In
free space, r and B transform according to the D−1 and D
+
1
irreducible representations, where ± denotes parity with re-
spect to space inversion. Making use of the compatibility
tables for C3v point symmetry, one can readily check that
D−1 = Γ1 ⊕ Γ3, while D+1 = Γ2 ⊕ Γ3. Taking into account
that under rotations the components of polar and axial vec-
tors transform identically and making use of Fig. S8 we find
that z and Bz transform according to the irreducible repre-
sentations Γ1 and Γ2, respectively, while the pairs (x, y) and
(−By, Bx) form equivalent bases of the two-dimensional Γ3
irreducible representation of C3v, see Table I.
To apply the method of invariants, we need to estab-
lish transformation rules for the basic 2× 2 matrices act-
ing in the spin subspaces of electrons and heavy-holes. We
8TABLE I. Character table for the double group of C3v. Double group characters given in Ref. [57].
C3v E E
C3
C
2
3
C23
C3
3σv 3σv Basis Functions
Γ1 1 1 1 1 1 1 Scalar; z component of vector; z; x
2 + y2; B2x +B
2
y ; B
3
y − 3ByB2x; I; σhhy
Γ2 1 1 1 1 −1 −1 z component of pseudovector; Bz; B3x − 3BxB2y ; σez ; σhhx ; σhhz ; σlhz
Γ3 2 2 −1 −1 0 0 in-plane vector; (Kx,Ky); (−By, Bx); (−σey, σex); (−σlhy , σlhx ); (B2y −B2x, 2BxBy)
Γ4 2 −2 1 −1 0 0 spin 12 :
(∣∣ 1
2
,− 1
2
〉
,
∣∣ 1
2
, 1
2
〉)
Γ5 1 −1 −1 1 i −i Heavy-hole spin ‘up’; 1√2
(∣∣ 3
2
,− 3
2
〉
+ i
∣∣ 3
2
, 3
2
〉)
Γ6 1 −1 −1 1 −i i Heavy-hole spin ‘down’; 1√2
(∣∣ 3
2
,− 3
2
〉− i ∣∣ 3
2
, 3
2
〉)
E
Identity
C3
2pi
3 rotation
C−13
− 2pi3 rotation
σv
Reflection
σ′v
Reflection
σ′′v
Reflection
y
x
FIG. S8. Symmetry operations of C3v, the point group for a (111) SF in GaAs.
introduce basic electron matrices Ie (the 2× 2 unit ma-
trix) and σe = (σex, σ
e
y, σ
e
z) (Pauli matrices) acting in the
basis of |s = ±1/2〉 electron spinors. The decomposition
Γ4 ⊗ Γ∗4 = Γ1 + Γ2 + Γ3 indicates the ways in which the ba-
sic electron spin matrices transform. By calculating the
effect of the C3v symmetry operators on the matrices, one
finds that Ie is invariant, σez transforms according to Γ2 and
(σex, σ
e
y) form a basis of the two-dimensional irreducible rep-
resentation Γ3 with σ
e
x and σ
e
y transforming equivalently to
Bx and By respectively (Tab. I). The basic matrices for the
light-hole doublet transform in exactly the same way.
By contrast, the heavy-hole spin doublet transforms ac-
cording to the reducible representation Γ5 ⊕ Γ6. The direct
product
(Γ5 ⊕ Γ6)⊗ (Γ5 ⊕ Γ6)∗ = 2Γ1 ⊕ 2Γ2. (S12)
indicates that among the four basic matrices, Ihh,
σhh = (σhhx , σ
hh
y , σ
hh
z ) acting in the space | ± 3/2〉, two are
invariant and two transform as Bz [56]. Taking into account
that at the mirror reflection σv||(1¯10) the matrix σhhy does
not change sign, we find that Ihh and σhhy transform accord-
ing to Γ1 (note that σ
hh
y changes its sign under time reversal
whereas Ihh does not), while σhhz , σ
hh
x transform according
to Γ2, see Tab. I and Ref. [56].
Using the transformation properties of the relevant basis
functions (Tab. I), we can build the effective Hamiltonian.
Any valid term of the Hamiltonian must transform as the
identity representation Γ1 and be even under time rever-
sal. In order to know which combinations of basis functions
transform as Γ1, we use the product rules for irreducible rep-
resentations. From this information, we can build the linear
in B Hamiltonian. For the electron, this analysis produces
the result that the in-plane and out-of-plane g-factors are
potentially different:
HZ,e =
1
2
gezzµBBzσ
e
z +
1
2
ge||µB(Bxσ
e
x +Byσ
e
y) (S13)
For the heavy holes, the Hamiltonian takes the form [56]:
HZ,hh =
1
2
µBBz
(
ghhzz σ
hh
z + g
hh
zxσ
hh
x
)
. (S14)
Eqquation S14 implies that the heavy hole has a zero in-
plane g-factor, and that an out-of-plane component Bz cre-
ates a tilted effective field with a spin precession vector lying
in the xz plane. We note that the atomic-scale symmetry of
the SF makes the two in-plane directions x and y inequiva-
lent.
The magneto-Stark Hamiltonian can be derived by sym-
metry using a similar procedure. The combination of the
two Γ3 irreducible representations (Kx,Ky) and (−By, Bx)
contains an invariant representation, leading to the Hamil-
tonian
Hmagneto-Stark = β
′(KxBy −KyBx)
Furthermore, the Hamiltonian describing the diamagnetic
shift is derived from the invariants B2z and B
2
x+B
2
y , namely,
Hdia = β1B
2
z + β2(B
2
x +B
2
y).
For Eq. (1) of the main text, we take into account only an
in-plane field effect and set β2 ≡ β.
We note for completeness that, besides B-linear, B-
quadratic and KB-terms, the effective Hamiltonian also in-
cludes K linear terms, σexKy−σeyKx, which arise from spin-
orbit coupling. Our estimates show that these terms are not
significant for the relevant wavevectors and do not lead to
the non-reciprocal emission spectra to first-order in B.
9S7. SUPPLEMENTAL ANGLE RESOLVED DATA
For the angle resolved experiment that tests the magneto-
Stark effect, PL spectra were acquired on multiple different
SF pyramids positioned at various angles. The spectra of
the up and down SF at±6.5 T are shown in Fig. S9. We note
that the PL spectra show a strong and a weak doublet. The
origin of the weak doublet is unknown, but we tentatively
attribute it to scatter of PL from other exciton populations.
We note that there are two types of SF pyramids: one
where the left/right SFs show higher energy PL than the
up/down SFs (type a), and a second type where the emis-
sion energies are swapped (type b). For example, using this
naming scheme the SF pyramid shown in Fig. 1(d) is of
type a. Here, the left/right directions refer to the direction
of the majority of the intrinsic/extrinsic pair defects, visible
as single triangles in Fig. 1(a). We also define a standard
and rotated orientation of the bulk crystal depending on
whether the sample is mounted as it is in Fig. 1(a) (stan-
dard) or rotated by 90◦ about [001] (rotated).
The PL emission energy as a function of magnetic field for
the 6 SFs is shown in Fig. S10. These plots show that dhe,
i.e., the electron-hole separation, changes sign for different
SF pyramids. The sign of the splitting ∆Eup/down reflects
the direction of the exciton dipole moment along the SF
normal. From Fig. S10, we find that the atomic structure
of the SF pyramid has a reflection symmetry in the {110} set
of planes, i.e. where the up and down SFs are interchanged.
S8. QUANTITATIVE INTERPRETATION OF
ANGLE RESOLVED DATA
Combining Eq. (2) and (3) of the main text and averaging
over two spin states of the exciton’s electron, the observed
magneto-Stark shift is
Eup = +αµBBy sin(θSF + θ
′),
Edown = −αµBBy sin(θSF − θ′), (S15)
where the light emission angles are related by Snell’s law:
n sin θ′ = sin θ, θSF = cos−1
(
1/
√
3
)
= 54.7◦ is the angle the
SF normal makes with the [001] axis and µB = e~/2mec is
the Bohr magneton (CGS units). Here α is a dimensionless
measure of the dipole moment:
α = − en~ω
Mc2µB
dhe =
−1
3.2
dhe
nm
, (S16)
where dhe = 〈zh − ze〉 is the hole-electron separation in
the exciton, zh and ze are the hole and electron coordi-
nates and 〈. . .〉 denotes the quantum mechanical average
(note CGS units). The numerical value uses the estimated
in-plane exciton mass described in Sec. S5. The quantity
∆Eup/down(B) = Eup/down(B)− Eup/down(−B) is the odd
part of Eup/down doubled, which is insensitive to overall
offsets and the diamagnetic shift. When θ = θ′ = 0, PL
from the up and down SFs arises from excitons with the
same absolute value of momentum and hence ∆Eup and
∆Edown have the same magnitude [Fig. 3(d)]. When the
angle is increased, ∆Eup and ∆Edown have different magni-
tudes [Fig. 3(e)].
In the linear in By regime, the magnetic field is not ex-
pected to significantly perturb the exciton dipole moment,
and so to first order ∆E should be proportional to By. Ex-
perimentally, we find the energy shift is linear with By for
By < 1 T, and we extract the proportionality constant us-
ing a fit to ∆E = aBy. The estimate of the dimensionless
dipole moment α depends somewhat on the fitting method
used to find the slope ∆E vs. By at By = 0 from the ex-
perimental data. Using different methods, we obtain values
of α ranging from 3.2 to 4.3, and we conservatively use the
lowest value of α = 3.2± 0.3 to estimate the exciton dipole
moment. Given the uncertainty in the measurement of α
and the estimation of the in-plane exciton effective mass
(Sec. S5), the best guess for the dipole moment is 10 nm,
with the true value estimated to fall between 9 and 30 nm.
We note that the combination
r(θ) =
|∆Eup| − |∆Edown|
1
2
(|∆Eup|+ |∆Edown| ) (S17)
depends only on given geometry and the index of refraction
(to first order in B), and is independent of the exciton dipole
moment. Using Eq. S15 and expanding about small θ, we
can produce a small-θ approximation for r(θ),
r(θ) ≈ 2 cot θSF
n
θ (S18)
correct to within 10% for angles up to 45◦ and n = 3.5. We
obtain good agreement between r(θ) calculated experimen-
tally from the B = 0 slope of ∆E with Eq. S17. (Fig. 3h).
We emphasize that this model agrees with the data without
any fit parameters.
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FIG. S10. The energy of the strong two peaks position in Fig. S9 is averaged to make E(B). Here we plot the difference between
the peak position at positive and negative B. The slope at B = 0 is extracted with a linear fit (∆E = aBy) to the first three data
points. The different panels show the experimental result at a variety of angles. The light colored curves are the negative of the dark
colored curves, useful for comparing the absolute value of ∆E. The mean value of the dimensionless dipole moment in Eq. (S15) and
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